Abstract To improve the efficiency of polysaccharide extraction, vacuum technology was used to breakdown the cell wall to extract polysaccharides from Lentinus edodes stipe, and the optimal parameters were optimized by response surface methodology. Then the antioxidant activities in vitro of the polysaccharides were evaluated. Results showed that the optimal conditions for polysaccharide extraction were temperature of 62°C, vacuum of 0.08 MPa, stirring speed of 1200 r/min, time of 25 min and material/liquid ratio of 1:26 (g/mL). Under these conditions, the yield of polysaccharide was 4.28%. The decolorization rate and deproteinization rate of polysaccharides treated by kaolin and hydrogen peroxide were higher than that of activated carbon. However, there was no significant influence on the polysaccharide retention rate, that was about 80%. Results also indicated that polysaccharide treated with activated carbon could obtain higher antioxidant activity.
Introduction
Lentinus edodes (also known as Xianggu or Shiitake mushroom), the most widely cultivated mushroom all over the world and the largest edible mushroom cultivated in China, is generally regards as an edible and medical mushroom, which is characterized by a special fungal aroma and prevention capabilities against several diseases like cancer, diabetic, hypotensive, inflammatory, nociceptive, hypocholesterolemic (Bisen et al., 2010; Dermiki et al., 2013; Li et al., 2018; Rahman and Choudhury, 2012) . According to the data of China Edible Fungi Association (2017), in 2016, the production of Lentinus edodes in China was 8.98 million tons, account for 25% of the total edible mushroom production in China.
Lentinus edodes stipes are the by-products of commercialization of mushroom processing, account for 20-30% of the whole fruitbody (Li et al., 2018; Wang et al., 2017) . On the basis of the stipes as 20% of fruitbody, the output of Lentinus edodes stipes maybe reached up to 1.8 million tons. Owing to the high crude fiber content and poor palatability, most of shiitake mushroom stipes are usually discarded (Lin et al., 2008 ) except a little amount of them consumed by animals and/or processed to foods such as shiitake sauce, biscuits, bread and alcoholic beverage (Lin et al., 2010; Wang et al., 2017) . Previous studies found that the stipe, as well as the cap, contains carbohydrates, proteins, amino acids, minerals, umami taste compounds, etc. Li et al., 2018; Shi and Shao, 2003) . Moreover, the findings also indicated that the Lentinus edodes stipe contains fiber and high chitin and its calcium content is also considerable in comparison to the cap (Li et al., 2018; Rahman and Choudhury, 2012; Yang et al., 2001; Mau, 2006, 2007) . And the water holding capacity of the stipe powder of Lentinus Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10068-018-0513-z) contains supplementary material, which is available to authorized users.
edodes was higher than that of the cap powder (Zhang et al., 2012) . In fact, Lentinus edodes stipe also contain active polysaccharides with the functions of enhancing immunity, preventing cancer and resisting cancer (Zheng and Ding, 1995) . It is of great research value and practical significance to extract polysaccharide from the waste stipe with high efficiency. At present, hot-water extraction (Guo et al., 2001; Shi et al., 2009) , enzymatic extraction (Ma et al., 2003) , supersonic assisted extraction (Jiang, 2016) , microwave extraction (Qin et al., 2017) , radio frequency assisted extraction , etc. were commonly used to extract polysaccharide. However, these methods have some problems such as long extraction time, expensive equipment and unable to industrialization.
Vacuum extraction is a new type of extraction method by introducing a vacuum system into conventional extraction to forming micro-bubbles and blasting them instantaneously, causing strong cavitation effect around them and accelerating the dissolution of effective components in raw material tissues, thus realizing the purpose of rapid extraction at low temperature (Xu et al., 2011; Zhou et al., 2015) . Vacuum technology has achieved some results in the extraction of total flavonoids from Ginkgo leaves , chlorogenic acid from honeysuckle (Xu et al., 2011) , astaxanthin from Phaffia rhodozyma (Zu et al., 2007) , tannic acid from Chinese gallnut (Min et al., 2013) , proanthocyaidins from Ginkgo biloba leaves , polyphenols from Rhus verniciflua stokes , etc. Therefore, vacuum combined with ultrasound extraction on polyphenols from apple pomace , vacuum combined with microwave extraction on flavonoids from onion (Zill-eHuma et al., 2011), vitamin C from guava and green pepper and vitamin E from soybean and tea leaves (Xiao et al., 2009) , polyphenolic compounds and pigment from Chinese herbs (Wang et al., 2008) , have also achieved better results. However, there are no related reports on polysaccharides extraction from edible fungi using vacuum technology. The objective of this study was to breakdown the cell wall using vacuum technology to improve the yield of polysaccharide from Lentinus edodes stipe, and to evaluate the antioxidant activities in vitro of the decolorized and undecolorized polysaccharides.
Materials and methods

Materials
Dried Lentinus edodes stipe was purchased from a local market in Zhengzhou, Henan Province, China. The dried stipes were grinded by high-speed pulverizer (300Y, Yongkang Boou Hardware Products Co., Ltd, Yongkang, Zhejiang Province, China) for 1 min, and screened through 40 mesh sized sieve before use.
Extraction of polysaccharides
Five grams of dried Lentinus edodes stipe powders were extracted with distilled water under vacuum conditions and extracted experimentally at a variety of selected conditions under different temperatures (30, 40, 50, 60, 70°C) , stirring speed (0, 800, 1200, 1600, 2400 r/min), material/liquid ratio (1:5, 1:10, 1:15, 1:20, 1:25, 1:30 g/mL), vacuum (0.00, 0.02, 0.04, 0.06, 0.08 MPa) and extraction time (5, 10, 15, 20, 25, 30 min) . After centrifugation at 17009g for 10 min, the supernatant was concentrated using a vacuum concentrator (RV 8 V-C, IKA, Germany). The polysaccharide was precipitated with 3 times volume of anhydrous ethanol for 12 h, then centrifuged at 17009g for 10 min, and the precipitate was dissolved in distilled water. The polysaccharide content was determined by phenol-sulfuric acid method (Dubois et al., 1956) .
Based on the results of single-factor experiments, the optimal conditions for vacuum extraction were determined by response surface methodology (RSM), with the standard of five-levels, four-factors central composite design (CCD) designed by Design-Expert Ò 11.0.4.0 (Stat-Ease Inc., Minneapolis, MN, USA). Table 1 shows the range and center point values of the four independent variables based on the results of the above single factor experiments. The CCD in the experimental design consisted of 30 treatments.
Decolorization
Decolorization rate of polysaccharide extracted from Lentinus edodes stipe decolorized by activated carbon, kaolin and hydrogen peroxide were measured as described by Li and Chen (2016) . Decolorization rate was measured at 420 nm. Protein content and polysaccharide content were determined according to Bradford (1976) and Dubois et al. (1956) , respectively.
Antioxidant activity of polysaccharides
Assay of DPPH radicals, hydroxyl radicals scavenging activities and reducing power Scavenging activities on DPPH radicals and hydroxyl radicals, reducing power of polysaccharide extracted from Lentinus edodes stipe were measured according to the description of Tsai et al. (2006) .
Assay of ABTS
? radicals scavenging activity
Measurements were done according to Darré et al. (2017) using the ABTS ? (2, 20-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) method with slight modification. The stock solution of stable radical-cation ABTS ? was prepared using 7 mmol/L of the ammonium salt of ABTS ? in 2.45 mmol/L K 2 S 2 O 8 at a ratio of 2:1 (V/V) and left overnight at room temperature before use. An ethanolic dilution was performed to reach an absorbance of 0.700 ± 0.02 at 734 nm. A 0.1 mL of polysaccharide solution was mixed with 1 mL of ABTS ? diluted solution, vortexed and the absorbance at 734 nm was measured after 6 min.
Statistical analysis
All analyzes were performed in triplicate. Experimental data were analyzed using analysis of variance (ANOVA) with SPSS statistical software. Data were presented as mean ± standard error (SE) using Duncan's test (p \ 0.05). Analysis of response surface were performed using the software Design-Expert Ò 11.0.4.0 (Stat-Ease Inc., Minneapolis, MN, USA).
Results and discussion
Single-factor experiment analysis Effect of extraction temperature on the yield of polysaccharide
As an important factor that affect the yield of polysaccharide, different extraction temperatures (30, 40, 50, 60, 70°C) on the yield of polysaccharide were evaluated when the stirring speed, material/liquid ratio, vacuum and extraction time were set at 2400 r/min, 1:10 (g/mL), 0.08 MPa and 10 min, respectively. As shown in Fig. 1A , the yield of polysaccharide increased from 1.84 to 2.54% when the temperature increased from 30 to 60°C, then decreased from 60 to 70°C. This result was in accordance with that of Huang et al. (2015) , Wang et al. (2016) and Yin et al. (2018) . This phenomenon may due to the higher temperature caused the degradation of polysaccharides (Huang et al., 2015; Wang et al., 2016) . Therefore, 60°C was considered to be the optimal extraction temperature.
Effect of stirring speed on the yield of polysaccharide
Different stirring speed (0, 800, 1200, 1600, 2400 r/min) were studied with extraction temperature of 60°C, material/liquid ratio of 1:10 (g/mL), vacuum of 0.08 MPa and extraction time of 10 min. The effect of different stirring speed on the yield of polysaccharide of Lentinus edodes stipe was shown in Fig. 1B . The yield of polysaccharide increased significantly with the increase of stirring speed and then decreased slightly when the stirring speed exceeded 1200-1600 r/min. A possible reason for this result was that the stirring under vacuum condition can increase the bubbles, and then fortified the cavitation effects . Thus, 1200 r/min was selected as an optimal stirring speed.
Effect of material/liquid ratio on the yield of polysaccharide
Under the conditions as extraction temperature of 60°C, stirring speed of 1200 r/min, vacuum of 0.08 MPa and extraction time of 10 min, the effect of material/liquid ratio on the yield of polysaccharide of Lentinus edodes stipe was investigated. As shown in Fig. 1C , with the increase of material/liquid ratio, more polysaccharide was extracted due to the power of mass transfer increased. The yield of polysaccharide reached 2.65% at material/liquid ratio of 1:25 (g/mL). When this ratio was increased, a slight decrease of the yield of polysaccharide was observed. In this study, 1:25 (g/mL) was selected as the appropriate material/liquid ratio.
Effect of vacuum on the yield of polysaccharide
To clarify vacuum effect on the yield of polysaccharide, different vacuums (0, 0.02, 0.04, 0.06 and 0.08 MPa) were set while the extraction temperature, stirring speed, material/liquid ratio, and extraction time were set at 60°C, 1200 r/min, 1:25 (g/mL) and 10 min, respectively. Figure 1D showed that, in the range of the experiment, the Vacuum extraction of polysaccharides from Lentinus edodes stipe… 761 yield of polysaccharide increased markedly with the increase of vacuum. The yield of polysaccharide reached 3.46% at vacuum of 0.08 MPa, being 1.22 times higher than that at 0 MPa. This result was similar to that of Huang et al., (Huang et al., 2015) on ultrasonic-vacuum extraction of polysaccharide from Pleurotus eryngii and Zhou et al., on vacuum extraction of total flavonoids from Ginkgo leaves. This may be due to the fact that the boiling point of the water become lower with the increase of vacuum. It produced more bubbles and the cavitation effect become stronger, then promoted mass-liquid exchange, and finally increased the yield of polysaccharide. So, vacuum of 0.08 MPa was considered to be the optimal condition in this study.
Effect of extraction time on the yield of polysaccharide
To evaluate the effect of extraction time on the yield of polysaccharide, experiments were performed under the fixed conditions (extraction temperature of 60°C, stirring speed of 1200 r/min, material/liquid ratio of 1:25 (g/mL) and vacuum of 0.08 MPa). The results showed that as the extraction time prolonged, the yield of polysaccharide increased significantly, and reached 3.64% at 25 min, then decreased (Fig. 1E ). This result indicated that the yield of polysaccharide was closely related with extraction time.
The shorter time resulted in insufficient extraction, brought about the lower yield of polysaccharide. Oppositely, the longer time may breakdown the structure of polysaccharide and reduce the yield of polysaccharide (Huang et al., 2015; Zhou et al., 2015) . To obtain a higher yield of polysaccharide, 25 min was selected as the appropriate extraction time. 
RSM optimization
Model fitting
Based on the results of single factors experiments, extraction temperature, stirring speed, vacuum and extraction time were selected to optimize the yield of polysaccharide by RSM using CCD. 24 runs with 6 center points were carried out randomly and the results are shown in Table 2 . By applying multiple regression analysis on the experimental data, the response and test variables were found to correlated with quadratic polynomial equation as follows: where Y is the yield of polysaccharide extracted from Lentinus edodes stipe (%); X 1 , X 2 , X 3 and X 4 are the coded variables of extraction temperature, stirring speed, material/liquid ratio and extraction time, respectively. The analysis of variance (ANOVA) for the response surface quadratic model was shown in Table 3 . The low p value (p \ 0.0001) of the model indicated that it was highly statistically significant. The p-value (0.0969) of lack-of-fit indicated that it was insignificant (p [ 0.05) relative to the pure error. It means that the quadratic model was adequate to predict the variations. The determination coefficient (R 2 ) and adjusted determination coefficient (-R Adj 2 ) had a value of 0.9398 and 0.8836, respectively. This indicated that the model was acceptable in terms of experimental errors and reliable for the prediction of the yield of polysaccharide. In this case, the independent variables (X 1 and X 3 ), the interaction term (X 2 X 3 ), and all the quadratic terms (X 1 2 , X 2 2 , X 3 2 and X 4 2 ) significantly affected the yield of polysaccharide.
Interaction between variables
Tri-dimensional response surface plots were constructed to illustrate the relationship between responses and the levels of the processing variables, and the interactions between two variables with the other factors were set at zero (Fig. 2) . Figure 2A showed the effects of extraction temperature (X 1 ) and stirring speed (X 2 ) on the yield of polysaccharide. With the material/liquid ratio set at 1:25 (g/mL) and the extraction time at 25 min, the optimal yield of polysaccharide should be found with a temperature range of 57.80-65.95°C with stirring speed between 1029.07 r/min and 1418.68 r/min. Figure 2B represented the effects of temperature (X 1 ) and material/liquid ratio (X 3 ) on the yield of polysaccharide. When the stirring speed and extraction time set at 1200 r/min and 25 min, respectively, the optimal yield of polysaccharide was observed at a temperature of 57.56-66.58°C and the material/liquid ratio of 1:(23.46-28.75) (g/mL). Figure 2C showed the ineraction of temperature (X 1 ) and extraction time (X 4 ) on the yield of polysaccharide. When the stirring speed set at 1200 r/min and the material/liquid ratio at 1:25 (g/mL), the highest yield of polysaccharide was found with a temperature of 57.70-65.93°C and an extraction time of 22.83-27.68 min. Figure 2D represented the effects of stirring speed (X 2 ) and material/liquid ratio (X 3 ) on the yield of polysaccharide. The yield of polysaccharide initially increased with the increase of stirring speed and 
. Y, yield of polysaccharides (%); X 1 , extraction temperature (°C); X 2 , stirring speed (r/min); X 3 , material/liquid ratio (g/mL); X 4 , extraction time (min) material/liquid ratio, then gradually declined. With the temperature set at 60°C and the extraction time at 25 min, the optimal yield of polysaccharide was found under stirring speed and material/liquid ratio ranges of 1013.86-1401.48 r/min and 1:(23.58-28.31) (g/mL), respectively. Figure 2E , F showed the effects of stirring speed (X 2 ) and extraction time (X 4 ), material/liquid ratio (X 3 ) and extraction time (X 4 ) on the yield of polysaccharide. The maximum yield of polysaccharide was achieved when stirring speed of 1042.80-1396.86 r/min and extraction time of 23.19-27.56 min, material/liquid ratio of 1:(23.59-28.59) (g/mL) and extraction time of 22.90-27.64 min, respectively.
Variables optimization and model validation
The optimal values of the four studied variables obtained from the quadratic model were 62°C, 1200 r/min, 1:26 (g/ mL) and 25 min of extraction temperature, stirring speed, material/liquid ratio and extraction time, respectively. The model predicted maximum extraction yield of polysaccharide was 4.12% under the optimal conditions. For validation of the suitability of the model, triplicate confirmatory experiments were performed, and the average yield of polysaccharide was (4.28 ± 0.18) %. This result was lower than that of microwave assisted extraction (microwave power of 400 W, material/liquid ratio of 1:7 g/ mL, extraction time of 8 min, the yield of polysaccharide was 4.91%) of polysaccharide from Lentinus edodes stipe (Qin et al., 2017) , higher than that of hot-water extraction (temperature of 98°C, material/liquid ratio of 1:20 g/mL, extraction time of 90 min, times of 3 extraction, the yield of polysaccharide was 3.64%) (Guo et al., 2001 ). This result indicated that the constructed quadratic model was reliable to predict the yield of polysaccharide extracted from Lentinus edodes stipe.
Comparison the efficiency of different decolorization methods
The effects on polysaccharide retention rate, deproteinization rate and decolorization of polysaccharide extracted from Lentinus edodes stipe treated with activated carbon, kaolin and hydrogen peroxide were shown in Fig.S1 . The results indicated that there was no significant difference on polysaccharide retention rate among treatments, and the polysaccharide retention rate in all treatments was above 80%. However, a lowest deproteinization rate and decolorization rate (32.59% and 64.25%) were observed in activated carbon compared with kaolin (61.21% and 73.51%) and hydrogen peroxide (60.57% and 93.28%). From the point of polysaccharide purification, kaolin or hydrogen peroxide should be selected. This result was higher than that of Li and Chen (2016) on sweet potato leaf.
Antioxidant activity of polysaccharide extracted from Lentinus edodes stipe
DPPH radicals scavenging activity
As can be seen from Fig. 3A , the DPPH radicals scavenging abilities of the four polysaccharides increased with the increase of polysaccharide concentration, showing a dose-effect relationship. However, the scavenging rate of all four polysaccharides was lower than 50%. Within the experimental concentration range, the DPPH scavenging rate of vitamin C (VC) was remained at about 20%. The DPPH radicals scavenging rates of all polysaccharides, except for the hydrogen peroxide treatment, were higher than VC. The polysaccharides decolorized by activated carbon had the highest DPPH radicals scavenging rate, that reached 43.58% when the polysaccharide concentration was 2 mg/mL, while the polysaccharide extract and polysaccharides decolorized by kaolin and hydrogen peroxide under the same concentration were 38.68, 37.27 and 30.31%, respectively.
Hydroxyl radicals scavenging activity
Fenton reaction was used to detect the elimination of hydroxyl radicals (ÁOH) of the polysaccharides extracted from Lentinus edodes stipe, and the results were shown in Fig. 3B . It can be seen from Fig. 3B that theÁOH scavenging rates of all the four polysaccharides were lower than that of VC. All the four polysaccharides except polysaccharide decolorized by hydrogen peroxide can effectively remove ÁOH, and the scavenging rate increased with the increase of the concentration of polysaccharide. When the polysaccharide concentration was less than 1.0 mg/mL, there was no significant difference (p [ 0.05) among polysaccharide extract and polysaccharide decolorized by activated carbon and kaolin. With the polysaccharide concentration increased to 2 mg/mL, the ÁOH scavenging rate of polysaccharide extract reached 88.67%, which was significantly higher than that of polysaccharides decolorized by activated carbon and kaolin (53.52% and 50.78%, respectively). Figure 3C showed that the reducing power of the four polysaccharides except for polysaccharide treated with hydrogen peroxide increased with the increase of polysaccharide concentration, but their reducing power was lower than that of VC. The polysaccharide treated with Vacuum extraction of polysaccharides from Lentinus edodes stipe… 765 hydrogen peroxide showed almost no reducing power, and the changes of reducing power of polysaccharide treated with activated carbon and kaolin was consistent with the trend of polysaccharide extract.
Reducing power
ABTS ? radicals scavenging activity
It can be seen from Fig. 3D that the ABTS ? radicals scavenging capacity was positively correlated with the polysaccharide concentration. In general, the ABTS ? radicals scavenging capacity of the polysaccharides with the same concentration was lower than that of VC. Compared with polysaccharide extract, polysaccharide treated with activated carbon treatment could significantly improve the scavenging ability of ABTS ? radicals, while polysaccharide treated with kaolin and hydrogen peroxide showed a lower ABTS ? radicals scavenging ability than that of polysaccharide extract.
Based on the above results, it can be concluded that polysaccharide treated with hydrogen peroxide has almost lost its antioxidant activity. Although the polysaccharide treated with activated carbon showed a poorer deproteinization rate and decolorization rate than polysaccharide treated with kaolin and hydrogen peroxide (Fig. S1 ). However, under the same polysaccharide concentration, the antioxidant activity of polysaccharide treated with activated carbon was higher than those of polysaccharide extract and polysaccharide treated with kaolin and hydrogen peroxide. 
